The results of BV (RI) c CCD photometric monitoring of RW Dor, performed with the PROMPT-8 robotic telescope at CTIO in Chile from March 2015 to March 2017, are presented. The light curves exhibit variation with very weak O'Connell effect and gradually change from symmetry to asymmetry. This variation can be explained by spot activities. By analysing with the Wilson-Devinney code, it is shown that RW Dor is a W-subtype shallow contact binary with a dark spot on the hotter and less massive component. In addition, the orbital period changes of the system are investigated by using thirteen new times of light minima together with those complied from the literature. A secular decrease (dP/dt = −9.27 × 10 −9 d yr −1 ) is found to be superimposed on a cyclic oscillation (A 3 = 0.0058 days and P 3 = 95.38 yrs). The light-travel time effect due to the presence of a third component is the most plausible explanation of the cyclic period change. The minimum mass of the third body is estimated as M 3 ∼ 0.06 M ⊙ that is below the stable hydrogen-burning limit of M 3 ∼ 0.072 M ⊙ , and thus it may be a brown dwarf. Its orbital separation from the 1 center of the system is less than ∼ 22.35 AU. Both the shallow-contact configuration and the long-term period decrease may suggest that RW Dor is a new formed contact binary via a Case A mass transfer.
in 1992). The extensively spectroscopic observations were done by Duerbeck & Rucinski (2007) and q sp = 0.63 ± 0.03 was obtained . Recently, Marino et al. (2007) reported that some light curves of RW Dor exhibited asymmetry, which had happened similar to the results published by Marton et al. (1989) . They re-computed the spectroscopic mass ratio by using the radial velocities given by Hilditch et al. (1992) combined together with the values given by Duerbeck & Rucinski (2007) . They also reviewed all times of light minima and found a secular decrease trend with a rate of ∆P/P ∼ −6.3 × 10 −11 . In this paper, we will extensively examine the light curve variations of asymmetry from our new photometric data, comparing results to the other investigators and some aspects from long-term monitoring of phased light curves obtained by the All Sky Automated Survey (ASAS, Pojmanski 1997 Pojmanski , 2002 Pojmanski et al. 2008) between 2000 and 2004. The orbital period changes will be investigated and the third component in the system will be taken into consideration.
Photometric observations
The photometric observations of RW Dor in BV (RI) C bands were done from March 2015 to March 2017 with back illuminated Apogee F42 2048×2048 CCD photometric system, attached to the 0.60 m Cassegrain reflecting telescope of PROMPT-8 1 robotic telescope. It located at the Cerro Tololo Inter-American Observatory (CTIO) in Chile. The web-based SKYNET client allowed us to request and retrieve image remotely via the internet. It also provided nightly calibration images, including bias, dark, and flat-field images (Layden & Broderick 2010) . The CCD reduction and aperture photometry were done with standard procedure packages of IRAF 2 . The comparison (C) and check stars (Ch) are listed in Table 1 and the complete light curves of observations are displayed in Fig. 1 for September, October, November 2016 and March 2017. 
Orbital period investigation
Earlier epoches and times of light minima of RW Dor were collected and published by many authors, e.g., Hertzsprung (1928) , Marton & Grieco (1981 , 1983 , Marton et al. (1989) , Russo et al. (1984) and Ogloza & Zakrzewski (2004) . Recently, Marino et al. (2007) revised all times of light minima with their new data and found a trend to period decrease (∆P/P ∼ −6.3 × 10 −11 ). Based on our observations, thirteen times of light minima were obtained and listed in Table 2 . The variations of the orbital period were analysed by using O − C (observed minus calculated) method. All available times of light minima were collected from literature and listed in Table 3 , the (O − C) 1 curve with the linear ephemeris given by Kreiner (2004) ,
is shown in the upper panel of Fig 2. To get a better fit for the trend of (O − C) 1 curve, we combined a long-term period decrease with an additional sinusoidal term when assuming that the period oscillation is cyclic. By using a least-square method, the equation was determined: 
According to Eq. (2), the semi-amplitude of cyclic oscillation is 0.0058 days and the sinusoidal term suggests that it has an oscillation with a period of 95.38 yrs. The residuals from Eq. (2) are plotted in the lower panel of Fig 3. The quadratic term in Eq. (2) also reveals a continuous period decrease at a rate of dP/dt = −9.27 × 10 −9 d yr −1 .
Photometric solutions
Since our observations performed a few days in different months and obtained light curves showing a gradually change from symmetry to asymmetry. We obtained four data sets of light curves and put them together to compare each other as shown in Fig 2, we found that only phased light curves in 14-15 March 2017 exhibited clearly of asymmetry with small difference of 6 Max-I and Max-II. Therefore, the light curves can be distinguishable in two groups; symmetry and asymmetry (data set-1: 28-29 November 2016, data set-2: 13-14 September 2016 and data set-3: 14-15 March 2017). Later, we found that data set-2 was symmetric as the same in data set-1, thus we consider only data set-1 and set-3. Our two data sets in B, V , R C and I C bands were analysed separately using the Wilson & Devinney (W-D) code (Wilson & Devinney 1971; Wilson 1990 Wilson , 1994 Wilson , 2012 van Hamme & Wilson 2007 ) and we used data set-1 of symmetric light curves with smallest magnitude difference of Max-I and Max-II to determine the basic photometric elements by assuming no spot on either component. Then, asymmetric light curves of data set-3 were analysed later with those initial physical elements by adding spot model. The photometric parameters of RW Dor had been derived by many authors, e.g., Russo et al. (1984) ; the two groups by Marton et al. (1989) and Kaluzny & Caillault (1989) , who obtained mass ratio q = 1.75 and 1.80, respectively; Hilditch et al (1992) ; Marino et al. (2007) and most recently by Deb & Singh (2011) . The photometric determination with initial input we used the spectral classification reported by Duerbeck & Rucinski (2007) with the Tycho-2 mean color index B − V =0.66, Fig. 4 . Relation between the mass ratio q and the sum of weighted square deviations from data set-1 and set-3. The graph presents for general q-search from 1.0 to 3.0 and the results indicate that the best fit of mass ratio q is in the range between 1.7 and 2.3.
corresponding to a spectral type of G4/5V. While the color index in SIMBAD database reveals a B −V = 0.69. For our solutions, the effective temperature of the primary star (T 1 ) was assumed as 5500 K corresponding to its spectral type (Cox 2000) . We assume that the convective envelopes already developed. Thus, the bolometric albedos for star 1 and 2 were taken as A 1 = A 2 = 0.5 and the values of the gravity-darkening coefficients g 1 = g 2 = 0.32 were used. The monochromatic and bolometric limb-darkening coefficients were taken from van Hamme's table (van Hamme 1993) by using logarithmic law. All fixed parameters are listed in Table 4 . The adjustable parameters are the inclination (i), the mass ratio (q), the temperature of star 2 (T 2 ), the monochromatic luminosity of star 1 (L 1B , L 1V , L 1Rc and L 1Ic ), the dimensionless potential of star 1 (Ω 1 = Ω 2 ) in model 3 for contact configuration.
For precise mass ratio determination, Hilditch et al. (1992) had published results of radial velocity measurements and gave mass ratio q sp = 0.68 ±0.03. Later, Duerbeck & Rucinski (2007) obtained q sp = 0.63 ± 0.03. However, to check the mass ratio we used a q-search method with our photometric data to determine its photometric mass ratio q ph and then set mass ratio as an adjustable parameter to get a better fit from data set-1 and set-3. The results of q-search method are plotted in Fig. 4 . The initial photometric mass ratio we obtained is q = 1.6 and then the differential correction was performed until the final solutions were derived at q = 1.69±0.03 or 1/q = 0.59±0.01. Theoretical light curves (solid lines) compare to the normal points of the observed symmetric light curves are shown in Fig. 5 . As Fig. 6 for data set-3 (March 2017) without spot model, all observed light curves in B, V and (RI) C bands seem to fit well, except some part of light curves from phase 0.1 to phase 0.4 which the normal model cannot fit well the data. In this case of late-type contact binaries, the O'Connell effect is possibly caused by solar-type spot activities (e.g., Qian et al. 2013b; Zhang et al. 2018 ). Thus, we try to add one cool spot or hot spot at or both primary and secondary components in the modeling process to get better fit. In W-D code, a spot has four parameters: θ is the latitude and ψ is the longitude of spot center (in degrees), while spot angular radius (r s ) in radians and T f is the spot temperature factor (the ratio between the spot temperature and the photosphere surface temperature of the star surround the spot). As the result, we found that a cool spot model on the hotter and less massive primary component is the best fit for our data as shown in Fig. 7 In addition, as the (O − C) diagram which shows a cyclic variation that may be caused by light-travel time effect via the presence of a third companion. Therefore, we added the third light (l 3 ) as an adjustable parameter in order to check the luminosity contribution of such third companion, but the ultimate results show the negative values. The solutions are listed in Table  4 and theoretical light curves (solid lines) are plotted in Figs. 5 and 6 for data set-1 and set-3 without third light and spot, respectively. The geometrical structures of RW Dor for data set-3 with a cool spot on the primary component are shown in Fig. 8 .
Discussions and conclusions
Several sets of multi-color light curves in BV (RI) c bands were obtained by using the Table 4 . Photometric solutions for data set-1 and set-3 of RW Dor.
Parameters data set-1 (without spot) set-3 (without spot) set-3 (with spot) 
0.0207 0.0208 0.0115 13 symmetric and no exhibited the O'Connell (O'Connell 1951) effect (also see Deb & Singh 2011) . However, the present light curves are gradually changing from symmetry to asymmetry. The variable O'Connell effect was also found in other contact binaries e.g., AB And (Djurasevic et al. 2000) , BX Peg (Lee et al. 2004 ), EQ Tau , CW Cas , CSTAR 038663 ) and EPIC 211957146 (Sriram et al. 2017) . From the solutions with the W-D method, it is detected that RW Dor is a W-subtype and shallow-contact binary with a degree of contact of 11.4(±2.4)% and a high mass ratio of q = 1.69(±0.03), where the hotter component is the less massive one. According to its spectral type of G4/5 V, the mass of hotter component (the primary) is estimated (Cox 2000) and the mass of the secondary can be determined from the derived mass ratio of q = 1.69. The absolute dimensions of RW Dor were determined by using the photometric elements together with spectroscopic parameters (Duerbeck & Rucinski 2007) , as results:
These parameters are close to those recently derived by Deb & Singh (2011) .
In general, the asymmetric light curve of subtype W systems can be explained by cool spots on the more massive components (Mullan 1975) . However, the solution of the dark spot is definitely not unique (Qian et al. 2013b ). In our result, the variations of the light curves are fitted well with a dark spot model on the less massive component. The O'Connell effect is likely a consequence of the gas streams in contact binaries (Paczynski et al. 2006) . The spot from magnetic activity in late-type stars of W-subtype contact binaries is consistent with the X-ray survey results that RW Dor is an X-ray source (e.g., Schmidtke et al. 1994 , Stepien et al. 2001 Chen et al. 2006) .
By analyzing the O − C diagram, it is discovered that the orbital period of RW Dor is decreasing at a rate of dP/dt = −9.27 × 10 −9 d yr −1 while it undergoes a cyclic oscillation. The type of variations, i.e., a long-term decrease combined with a cyclic change, is also found in other contact binary stars. Some examples are MR Com (Qian et al. 2013a) , DI Hya (Liao et al. 2017 ) and V1073 Cyg (Tian et al. 2018 ). This long-term period decrease can be explained by the mass transfer from the more massive component to the less massive or the angular momentum loss via magnetic braking. If the long-term period decrease is due to conservative mass transfer, the mass transfer rate can be determined with the following equation,
as dM 1 /dt = 1.96 × 10 −8 M ⊙ yr −1 . The timescale of mass transfer can be estimated as M 2 /Ṁ 1 ∼ 3.58 × 10 7 yr, which is close to its thermal timescale of the more massive component 4.28 × 10 7 yr. It means that the orbital period decrease should be due to the mass transfer between the two components. This is in agreement with the conclusion derived by Qian et al. (2017 Qian et al. ( , 2018 that some EW-type contact binaries were formed from short-period EA-type systems via Case A mass transfer. The situation of RW Dor is similar to that of MR Com. Both the shallow- contact configuration and the long-term period decrease may suggest that they may be new formed contact binaries (e.g., Qian et al. 2013a ). In addition, the cyclic oscillation (semi-amplitude A 3 = 0.0058 days and oscillation period P 3 = 95.38 years) in orbital period variation can be possibly explained by two mechanisms, i.e., the Applegate mechanism (Applegate 1992) and the light-travel time effect (Liao & Qian 2010; Han et al. 2016) . The Applegate mechanism suggested that the cyclic change is caused by magnetic activity-driven variations in the quadrupole moment of solar-type components. The quadrupole moment can be determined from equations given by Rovithis-Livaniou et al. (2000) and Lanza & Rodono (2002) ,
and
The result is ∆P/P ∼ 7.39 × 10 −7 and the quadruple moment ∆Q is in order 10 48 g cm 2 .
However, the typical values for active contact binary range from 10 51 to 10 52 g cm 2 . Thus, the cyclic oscillation may not be caused by the Applegate mechanism. Therefore, the cyclic period change may be caused by the light-travel time effect via the presence of a tertiary component. By assuming that the third body moves in a circular orbit, 15 
The corresponding values are displayed in Table 5 . The lowest mass of the third component (i ′ = 90) is estimated as M 3 = 0.06M ⊙ . This value is below the stable hydrogen-burning limit of M 3 ∼ 0.072 M ⊙ and it may be a brown dwarf candidate. The orbital separation of the third body from the center of the binary is less than ∼ 22.35 AU. To check for existence of the third companion, we search for the third light during the photometric solution, but the result indicated that the contribution of the third light is very small comparing to the total light of the system. It is possible that the third body is a substellar object.
Recently, a possible substellar object orbiting the solar-like contact binary V2284 Cyg was reported by Wang et al. (2017) . Both the shallow-contact configuration and the long-term period decrease may suggest that RW Dor is a newly formed contact binary via a Case A mass transfer. To understand more details about evolution and formation of this contact binary and its substellar companion, new photometric and spectroscopic observations are required.
